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Condensin Regulates rDNA Silencing
by Modulating Nucleolar Sir2p
ported to influence silencing in the S. cerevisiae mating-
type loci [11]. Condensin is composed of five essential
subunits: Smc2p, Smc4p, Brn1p, Ycs4p, and Ycs5p [12].
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Imperial College London to de-repress mating-type silencing [11]. Surprisingly, a
temperature-sensitive Smc2p mutant, smc2-8, does notDu Cane Road
London W12 0NN show de-repression at these loci [11]. Interestingly, the
integration of a reporter gene to assay transcriptionalUnited Kingdom
silencing at the rDNA was found to be synthetically lethal
with the temperature-sensitive Ycs4p mutation, ycs4-1
[11] suggesting an important role for condensin in theSummary
silencing of this locus. Here, we have investigated the
contributions of condensin subunit Smc2p to the posi-The tandem array of ribosomal DNA (rDNA) in Saccharo-
myces cerevisiae is subjected to transcriptional si- tion-dependent transcriptional repression of the three
silenced domains in yeast: rDNA, telomere-proximal re-lencing of RNA polymerase II-transcribed genes [1, 2].
This form of silencing depends on SIR2 and has been gions, and mating-type loci. Our findings reveal that
condensin bound at rDNA is required for nucleolar orga-tightly linked to the suppression of rDNA recombina-
tion [3] and the control of cellular lifespan [4]. Paradox- nization and for maintaining the correct balance of the
telomeric and nucleolar silencing protein Sir2p. Theseically, rDNA silencing takes place in the context of an
extremely high rate of RNA polymerase I transcription. results demonstrate that condensin plays a role in the
metabolism of silencing domains and implicates chro-Because rDNA silencing requires different factors than
HMR and telomere silencing, the chromatin structure matin packaging as a determinant of this process.
To investigate condensin’s role in rDNA silencing, weand the mechanisms of silencing must be fundamen-
tally different. Here we show that yeast condensin or- introduced a modified URA3 marker insertion in rDNA,
previously shown to be sensitive to silencing [1], intoganizes the specialized topology of rDNA chromatin.
We then demonstrate that this function is necessary the smc2-8 allele background. We measured silencing
by determining the relative efficiency of cells to formfor maintaining the correct balance of telomeric and
nucleolar Sir2p. Condensin mutants relocalize telo- colonies in media lacking uracil or containing 5-fluoro-
orotic acid (FOA) (Figure 1A). Compared to a wild-typemeric Sir2p to rDNA and show histone hyperacetyla-
tion at telomeres. Our data reveal the implication of control, smc2-8 shows increased levels of URA3 marker
silencing (Figure 1A). To test whether the increased si-yeast condensin in the arrangement of rDNA repeats
into a heterochromatic-like structure that is important lencing in the marker was due to spreading of silent
chromatin within rDNA, we used two independent rDNAfor the correct delineation of silencing domains in the
nucleus. insertions of modified Ty1 retrotransposons reported to
transpose (and consequently express) at different rates
[2]. The smc2-8 allele was introduced in the strains, andResults and Discussion
its effect on the transposition of the Ty1 insertions was
measured (Table S1 in the Supplemental Data availableThe structure of eukaryotic DNA involves hierarchical
levels of organization [5]. Detailed structural investiga- with this article online). We found a slight decrease in
transposition levels of both Ty1 insertions in rDNA, sug-tion of chromosome domains in interphase nuclei of
human cycling cells has shown that DNA is folded differ- gesting that these elements are subjected to increased
repression in the smc2-8 background. In contrast, weently both between and within individual domains. This
difference in folding reflects different types and/or activ- also observed a small increase in the transposition of a
Ty1 insertion on chromosome II (Table S1), suggestingities of chromatin [6]. Genetic studies in position-effect
that Ty1 elements outside rDNA might be slightly de-variegation (PEV) in Drosophila confirmed that eukary-
repressed in a smc2-8 background.otic chromosomes have both transcriptionally active
We then investigated telomeric silencing in smc2-8and inactive domains [7]. The genome of the budding
by using an assay that produces a de novo telomereyeast Saccharomyces cerevisiae appears to be in a tran-
adjacent to the previously inserted marker gene ADE2scriptionally “poised” state with the exception of three
[13]. The assay begins with the HO endonuclease cleav-sites that show position-dependent transcriptional re-
age at an internal chromosome site, which has a tractpression. These sites are the mating-type or homothallic
of telomeric DNA repeats (TG1–3) followed by the ADE2(HM) loci [8], the telomere-proximal regions [9], and the
marker gene toward the centromere direction [13]. Therepeated ribosomal DNA array (rDNA) [2].
new end rapidly becomes a fully functional telomere,Condensin is a macromolecular complex involved in
and the ADE2 marker becomes sensitive to transcrip-chromosome architecture [10] and has also been re-
tional repression [13]. Robust silencing was observed
in wild-type cells after HO cleavage (Figure 1B). smc2-8*Correspondence: luis.aragon@csc.mrc.ac.uk
2 These authors contributed equally to this work. cells were able to grow more than the wild-type on media
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Figure 1. Silencing in smc2-8 Is Enhanced at the rDNA and Reduced at Telomeres
(A) Ten-fold serial dilutions from overnight cultures grown on full media of wild-type and smc2-8 cells containing two reporter genes (mURA3,
silencing sensitive; LEU2, silencing unsensitive [1]) integrated in the rDNA array (RDN1::mURA3-LEU2, silenced) and at the LEU2 locus in
chromosome III (leu2::mURA3-LEU2, not silenced). Cells were dropped onto plates lacking uracil (ura, silencing assay), leucine (leu, not
silenced because of the silencing unsensitivity of LEU2), containing 5-fluoro-orotic acid (Foa, silencing assay, cells expressing mURA3 do
not grow in the presence of Foa), and containing all supplements (control). Silencing at the rDNA is enhanced in smc2-8.
(B) Ten-fold serial dilutions from overnight cultures of wild-type and smc2-8 before (HO cleveage) and after (HO cleveage) HO endonuclease
restriction, which generates an ADE2 reporter gene adjacent to the telomere of chromosome IV. Cells were dropped onto full media (control)
or plates lacking adenine (Ade; silencing assay). Unlike results for the wild-type, some growth on plates lacking adenine after HO restriction
is observed on smc2-8 cells, suggesting silencing defects on telomeres in these cells. Silencing at the telomeres is reduced by the smc2-8
mutation.
(C) Ten-fold serial dilutions from overnight cultures of wild-type strains with and without the BAR1 gene (conferring increased sensitivity to
-factor when deleted) and smc2-8 (bar1); cultures were spotted onto plates containing different amounts of -factor. Like bar1 wild-type
cells, smc2-8 cells are unable to grow with increasing amounts of -factor in the media. Silencing at HM is thus not affected by the smc2-8
mutation.
lacking adenine after de novo telomere formation (Figure Sir2 protein in the nucleus [14]. To further investigate
whether the altered silencing patterns of smc2-8 are1B), showing that telomeres promote weaker repression
of ADE2 in this mutant. smc2-8 also showed de-repres- directly related to the pools of Sir2p in the nucleus, we
analyzed the nuclear location of Sir2p in smc2-8 cellssion of a URA3 reporter construct inserted adjacent to
telomere IV [9] (Figure S1). by using a GFP-tagged allele of SIR2 as well as indirect
immunofluorescence on chromatin spreads (FiguresThe third silent region on the yeast genome is the
mating-type loci [8]. We tested the response of smc2-8 S2A and S2B). The localization of Sir2p differed between
wild-type and smc2-8 cells. In smc2-8 rDNA, foci werecells to the pheromone -factor (-F) as a measure of
HM silencing. Cells with robust HM silencing are unable brighter and fewer non-rDNA foci were observed (Fig-
ures S2A and S2B), indicating that the distribution ofto grow in media containing pheromone. We dropped
smc2-8 and wild-type cells that were either hypersensi- Sir2p is altered in smc2-8 nuclei. Expression of SIR3-
GFP and SIR4-GFP in wild-type and smc2-8 cellstive (bar1) or normally sensitive (BAR1) to -F (Figure
1C). Consistent with previous reports, we found that showed similar patterns of localization for these two
silencers (data not shown). To corroborate the redistri-smc2-8 is not resistant to -F (Figure 1C) [11]. Thus,
we conclude that smc2-8 affects silencing strength at bution of Sir2p in condensin mutants, we employed
chromatin immunoprecipitation (ChIP) of SIR2 taggedtelomeres and rDNA but not at the mating-type locus
(Figure 1). with the HA epitope (SIR2-3xHA). We measured the
abundance of telomeric, HMR, rDNA, and non-silent se-Small changes in Sir2p levels in the nucleus have
been shown to alter the strength of rDNA silencing [14]; quences on wild-type and mutant immunoprecipitates.
The association of Sir2p to telomere-proximal regionsmoreover, telomeres are thought to act as regulators of
rDNA silencing by competing for limiting amounts of was greater in wild-type cells, whereas greater enrich-
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Figure 2. Sir2p Relocalizes from Telomeres to rDNA in smc2-8, Causing an Increase in Histone Acetylation at Telomeres
(A) Immunoprecipitation of formaldehyde-cross-linked chromatin (ChiP analysis) from wild-type and smc2-8 cells at 23C shows the levels of
association of Sir2-3xHAp to the three silenced loci in the yeast genome. The primer pairs used are Nts (nontranscribed spacer of the rDNA),
telomere (500 bp away from the right telomere end of chromosome VI), hmr (hmr enhancer, hmr-e), and CUP1 gene (nonsilent control). An
untagged strain is shown as a negative control. In smc2-8 immunoprecipitates, telomere binding of Sir2p is reduced, whereas rDNA binding
is enhanced. The levels of association are comparable in wild-type and mutant cells for the mating type and CUP1 loci.
(B) Chromosomal gradient of H3-acetylation in wild-type and smc2-8 cells. Immunoprecipitated DNA was analyzed by PCR with primer pairs
against various regions of the right arm end of chromosome VI (distances from telomere end are indicated), Cen, Hmr, and rDNA (not to scale
in the diagram). The levels of acetylation at telomere regions are increased in smc2-8 for all telomere primer pairs (tel70, tel700, tel2500).
ment of the nontranscribed spacer (NTS) of the ribo- wild-type and smc2-8 immunoprecipitates with respect
to HMR and nonsilent sequences (Figure 2A).somal unit was found on smc2-8 immunoprecipitates
(Figure 2A). We found no significant differences between Sir2p is a histone deacetylase [15] whose enzymatic
Current Biology
128
Figure 3. Condensin Binding to rDNA and
Telomeres during Interphase
(A) ChiP analysis showing Smc1p, Smc2p,
and Smc4p association to telomeres (500 bp
away from the right telomere end of chromo-
some VI) and rDNA, Nts (nontranscribed
spacer, rDNA) in wild-type cells. Condensin
subunits Smc2p and Smc4p are present at
rDNA but not telomeres, whereas cohesin
subunit Smc1p is enriched at both sites. An
untagged strain is shown as a negative
control.
(B) Chromatin spreads prepared from SMC2-
3xHA- and NET1-9myc-expressing cells ar-
rested at the G1 or S phases of the cell cycle
show that Smc2p is enriched on the rDNA.
DNA was stained with DAPI.
activity acts on local histone tails to generate a hypo- Smc2p binds to rDNA on cells arrested at G1 by ChIP
[12]; however, immunolocalization of Ycs4p has re-acetylated histone environment characteristic of silent
chromatin [16, 17]. The N terminus of histone H3 is highly vealed general nuclear staining for this subunit through-
out the cell cycle, with relocalization to rDNA only duringhypoacetylated in silent chromatin [18], and we thus
used an antibody against general acetylation of the his- anaphase [11]. We investigated whether Smc2p is
bound to telomeres and rDNA. Chromatin immunopre-tone H3 tail to investigate the acetylation of silent chro-
matin in the smc2-8 mutant by ChIPs. In wild-type cells, cipitations on asynchronous cultures of wild-type cells
expressing Myc-tagged versions of Smc2p and Smc4pall silent loci (telomeres, HMR, and rDNA) were hypo-
acetylated (Figure 2B). In contrast, telomere regions revealed that these proteins are enriched on rDNA chro-
matin and not telomeres (Figure 3A). Cells expressingwere hyperacetylated in smc2-8 compared to wild-type
cells (Figure 2B). Interestingly, we found a small increase the cohesin subunit Smc1p and untagged cells were
used as positive [20] and negative controls, respectivelyin acetylation in smc2-8 in nonsilent loci 50 Kbp from
telomeres but not in regions surrounding centromeres (Figure 3A). We also analyzed condensin binding on
chromatin spreads of G1 and S phase cells expressing(Figure 2B). This suggests that transcriptionally active
telomere-proximal regions are slighty hyperacetylated SMC2-HA and the nucleolar marker NET1-myc. The lo-
calization of Smc2p resembled that of Net1p (Figurein smc2-8.
Therefore, we conclude that condensin is important 3B), demonstrating that Smc2p is enriched on the rDNA
locus in both stages. The different pattern of localizationfor the correct balance of Sir2p pools in the nucleus and
that compromising condensin function causes some re- of Smc2p (Figure 3) and Ycs4p [11] suggest that different
condensin subunits can associate separately to differ-localization of telomeric Sir2p to rDNA (Figure 2A), with
the consequent modification on silencing level (Figure ent sites on chromatin. Another difference between
ycs4-1 and smc2-8 is on inter-repeat recombination in1) and telomeric histone H3 acetylation (Figure 2B). How-
ever, this partial relocalization did not abolish telomere rDNA. High levels of rDNA recombination have been
reported for the ycs4-1 allele [11], but we found that thesilencing completely; some repression was still ob-
served on plates, and the silencers Sir3p and Sir4p were frequency of ADE2 marker loss inserted within rDNA is
similar in smc2-8 and wild-type control strains (data notstill detected on telomeres (data not shown).
The homolog of SMC2 in C. elegans is part of a dosage shown). Interestingly, we have detected fragmentation
of rDNA chromatin on smc2-8 cultures by using PFGEcompensation complex [19], which might suggest a di-
rect function for yeast Smc2p in the formation of silent analysis (our unpublished data); however, in light of the
ADE2 recombination assays, we have concluded thatchromatin in budding yeast. However, the silencing de-
fect in smc2-8 could also be indirect and related to other fragmentation is likely to represent breakage events due
to mitotic failures during decatenation of sister chroma-functions of condensin in rDNA or telomeres. Chromatin
binding assays have revealed that condensin subunit tids [21].
The nucleolar localization of Smc2p (Figure 3), shownSmc2p is bound to chromatin throughout the cell cycle
[12]. However, the precise binding sites of condensin here by ChIPs and chromatin spreads, suggests a role
of condensin on rDNA silencing, in that when compro-remain elusive. Previous studies have shown that
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Figure 4. Smc2-8 Affects Nucleolar Organi-
zation during Interphase
(A) rDNA FISH analysis of wild-type and
smc2-8 G1 nuclei under permissive (23C)
and nonpermissive (35C) conditions. (Red)
Propidium iodide staining corresponding to
nuclear DNA; (green) rDNA FISH signal.
(B) Quantitative analysis of the restriction ra-
tios (see Experimental Procedures for quanti-
fication approach).
mised it allows an increased recruitment of Sir2p. The and 4B). We observed no differences in the restriction
ratio between wild-type and smc2-8 cells at 23C; how-absence of Smc2p in telomeres indicates that condensin
function on rDNA affects Sir2p relocalization. A possible ever, at 35C (Figures 4A and 4B) there was a modest
increase, less than 2-fold, in the restriction ratio specificexplanation is that condensin acts as a structural barrier
at the rDNA and prevents the spreading of silent chroma- to smc2-8 (Figures 4A and 4B). It is difficult to directly
relate the increase in restriction ratio to the enhancedtin to nonsilenced regions. In this way, condensin could
be generating a global organization in rDNA and com- silencing phenotype because we did not observe any
changes in the restriction ratio at 23C, but silencingpeting with Sir2p for sites in the locus. Upon slight modi-
fications of such organization, rDNA chromatin might was abnormal at this temperature. Similarly, we could
not assess silencing on plates at 35C on smc2-8 be-attract telomeric Sir2p pools with higher affinity.
Condensin mutants disrupt rDNA structure during mi- cause of its mitotic lethality. It is possible that the effect
of smc2-8 on silencing stems from a mitotic functiontosis [22]. We have investigated whether condensin con-
tributes to nucleolar organization during interphase. We related to recruitment and/or establishment of silencing,
as has been shown for cohesin [24]. Regardless, ourfirst arrested smc2-8 and wild-type cells in G1 at 23C
(permissive temperature) by using -factor to prevent FISH analysis revealed that condensin provides a level
of organization in rDNA during interphase.progression into S phase. After the arrest, cells were
either shifted to 35C (nonpermissive temperature) or In summary, we have shown that condensin contrib-
utes to the arrangement of rDNA chromatin in the nu-23C (permissive temperature) in fresh media containing
-factor for 1 hr, fixed, and processed for fluorescent cleus and that it is important for the maintenance of
silent chromatin domains in the genome. We proposein situ hybridization (FISH) analysis. FISH analysis of
rDNA during G1 has shown that the locus adopts a a model to explain our findings. Condensin bound to
rDNA throughout the cell cycle arranges chromatin intodisordered and puffed structure [23] that occupies from
one-third to one-quarter of the total nuclear volume [23]. loops of active and inactive (sir2p containing) domains.
Partial loss of the condensin function deregulates thisWe measured the ratio of rDNA FISH signal to total
nuclear volume as an indication of nucleolar restriction/ organization and generates spreading of silent chroma-
tin within the rDNA; this in turn attracts Sir2p from telo-organization (restriction ratio). This ratio is unaffected
by temperature changes in wild-type cells (Figures 4A meres to rDNA and consequently alters the strength of
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